Excellent dispersion of functionalized graphene (FG) sheets in polystyrene was achieved relying in the reaction of "living" poly(glycidyl phenyl ether) chains onto graphene sheets. The physical aging of polystyrene was substantially accelerated by 10 the presence of FG sheets at low filler content, retaining film transparency and increasing the electrical conductivity.
barrier, thermal, electrical) properties while retaining a high level of transparency. 1 Maintaining film transparency and providing appropriate electrical conductivity (σ) is crucial for industrial applications such as: i) antistatic bags that require an electrical conductivity level in the range σ 10 -12 -10 -6 S/cm, and ii) 20 electrostatic charge dissipation (ESD) cans to prevent damage of microelectronics components, requiring σ 10 -6 -10 -4 S/cm. 2 Exfoliation and reduction of graphite oxide by thermal treatment provide graphene sheets with significant electrical conductivity (10 1 S/cm) and hold promise in various applications such as 25 biosensing or bioelectronics. Moreover, the thermally expanded / reduced graphite oxide (here denoted as G) sheets contain residual epoxide, carbonyl and hydroxyl groups which greatly facilitate their functionalization (i.e., grafting of polymer chains) and dispersion in polymeric matrices (e.g., polystyrene, PS). 1 30 Recent reports have demonstrated both noncovalent (e.g., - stacking, ionic interactions) and covalent (e.g., diazonium, organosilane-based) functionalization of G sheets. 3 However, grafting of polymer chains selectively at existing defects to avoid adversely affecting electrical transport is extremely rare. 35 In this communication, we report an efficient route to obtain G sheets functionalized at residual electrophilic sites with oligomeric poly(glycidyl phenyl ether) (PGPE) chains. The obtained PGPE-functionalized graphene sheets, here denoted as FG, are shown to disperse efficiently in PS by means of electrical 40 conductivity, optical transparency and physical aging experiments. Thin films of PS/FG nanocomposites were found to retain transparency at low filler content (< 0.5 wt%) and to exhibit significant electrical conductivity and accelerated physical aging as compared to neat PS. 45 Hence, inspired by both end-group functionalization of living anionic polymers 4 and anionic deactivation of carbonyl groups 5 we hypothesized that living anionic chains could react with residual electrophilic groups of G sheets (e.g. ketone, epoxy) when added to a polymerization medium containing such chains 50 ( Fig. 1(I) ). In this sense, we selected the ring opening polymerization (ROP) of glycidyl phenyl ether (GPE) in bulk at 60 ºC initiated by tetrabutylammonium fluoride (TBAF) 6 as an easy and robust technique to obtain monodisperse oligomeric PGPE chains with living alkoxy groups at one of the chain ends. 55 Metal-free ROP of GPE is really a facile technique because the initiator is commercially available, the monomer is a common epoxide and the stability of the propagating species during ROP enables a living-like polymerization. 6 After 6 h of GPE ROP time (corresponding to living PGPE chains of molar mass 1,900 60 g/mol) G sheets were added to the reaction medium and allowed to react for 20 min. The resulting PGPE-functionalized graphene (FG) sheets were purified from free PGPE chains and finally isolated by drying under dynamic vacuum. The amount of PGPE chains anchored to the graphene sheets was found to be 14 wt%, 65 corresponding, on average, to one grafted PGPE chain every 1000 carbon atoms (see ESI). Polystyrene nanocomposites filled with 0.1 and 0.5 wt% FG sheets were prepared by casting from toluene solutions and further solvent drying. PS/FG nanocomposites were compared to 70 nanocomposites prepared under identical conditions by using neat, non-functionalized G sheets as a control. As illustrated in the transmission electron microscopy (TEM) images of Fig. 1 (II), excellent dispersion of FG sheets in the PS matrix was observed as compared to that of nonfunctionalized G sheets, the latter 75 showing the presence of micrometer-sized aggregates as a consequence of the low compatibility of neat G sheets and PS. This suggests that PGPE-grafting is a prerequisite for easy dispersion of the graphene filler in the polymeric matrix. Fig. 2(a) illustrates the optical transparency of the PS/FG and 80 PS/G nanocomposite thin films as a function of film thickness, as determined by ultraviolet-visible (UV-Vis) spectroscopy at a wavelength of 500 nm following conventional procedures. 7 In general, no significant change in transparency was observed in the 300-1100 nm wavelength range (see ESI). As expected, a 85 certain reduction in optical transparency was observed for PS/FG and PS/G nanocomposites upon increasing both filler content and film thickness. Due to the better dispersion of the FG sheets, a larger transparency loss was found at 0.5 wt% filler loading for Author´s Version the former in comparison with the latter, displaying "open" 5 regions where photons are easily transmitted as a consequence of the significant aggregation of the G sheets ( Fig. 1(II-III) ). 8 The optical images of glass-supported 2.4 μm films obtained by spin coating (Fig. 1(III) ) show the presence of macrosized aggregates in PS/G composites, which disappear in the PS/FG material to 10 give rise to a much more homogeneous and darker film. At 0.1 wt% filler loading, such a different behaviour is hard to detect by UV-Vis measurements. Fig. 2(b) shows the electrical conductivity (σ) as a function of frequency (f) for PS/FG and PS/G nanocomposites at 343K and 15 423K as determined by broadband dielectric spectroscopy (BDS) measurements. In neat PS and PS/G composites, σ follows a linear dependence with frequency displaying a slope close to 1, which is characteristic of insulating materials. However, PS/FG composites display the characteristic behaviour of semi-20 conducting materials with a low frequency plateau and a frequency-dependent conductivity at higher frequencies. 9 For PS/FG nanocomposites, the frequency-independent direct current conductivity (σ dc ) values can be extracted directly from the plateau at low frequencies as summarized in Table S1 (ESI). The 25 σ dc value of both PS and PS/G composites, for which the plateau was not reached even at the lowest frequencies investigated, is reported in Table S1 (ESI) as σ dc <10 -14 S/cm. The most obvious feature is that PS/FG nanocomposites exhibit significantly higher conductivity values than those of PS and PS/G nanocomposites. 30 The good dispersion of FG sheets in the PS matrix favours the formation of a conducting percolative network at very low critical concentrations, which is highly desirable in order to retain the optical transparency of the PS matrix. In particular, the PS/FG nanocomposite at 0.5 wt% filler loading displays a conductivity 35 value appropriate for ESD applications 2 with only a minor dependency of σ dc on temperature (Fig. 2(b) ). On the contrary, a significant change of σ dc with temperature is observed in Fig. 2(b) for the PS/FG nanocomposite with 0.1 wt% filler loading. In general, differences in the temperature dependency of σ dc are 40 attributed to the different structure of the conductive filler, its loading, and its dispersion state. 10 Additionally, we have investigated the physical aging of PS/FG and PS/G nanocomposites. Physical aging is known as the slow evolution of thermodynamic properties (e.g., enthalpy, volume) 45 towards equilibrium below the glass transition temperature (T g ) of polymer materials. 11 As this temperature range can coincide with the range of applicability of these materials, physical aging can drastically affect the properties of these systems. Thereby, control of physical aging is needed for obtaining stable materials. 50 The segmental dynamics of PS as determined from BDS was shown to be unaltered by the presence of the FG and G fillers, allowing to perform a comparative study of physical aging at the same aging temperature (T a ) for all samples. 12 This study was carried out by differential scanning calorimetry 55 (DSC) by evaluating the recovered enthalpy after aging at a fixed T a , during various aging times (t a ). At long aging times, a plateau value of the recovered enthalpy ΔH(∞) was reached for all samples. Fig. 2(c) displays the distance of the recovered enthalpy (ΔH (t a )) from the plateau value (ΔH (∞)) as a function of aging is observed for PS/FG composites in comparison with PS/G 5 composites. Complementary physical aging experiments carried out on ternary PS/PGPE/G blends showed that their enthalpy recovery was roughly similar to that of PS/G nanocomposites at equivalent filler loading (see ESI). According to previous findings showing the key role of the (filler area) / (polymer 10 volume) ratio in the acceleration of the aging process in polymer nanocomposites, 13 this observation also points to an excellent dispersion of the graphene sheets in the PS/FG nanocomposites. Astonishingly, the plateau value of the enthalpy recovery is reached in about only 1 day for PS/FG nanocomposites (0.5 wt% 15 filler loading) versus more than 1 month for the neat PS matrix by annealing at 343 K, which decreases to 3.5 h versus 5 days at 358 K and which even reduces to 40 min versus 14 hours in neat PS by annealing at 366 K (see ESI). In conclusion, a simple and highly efficient method for 
